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(57) ABSTRACT 

Lanthanurn oxide-based gate dielectrics are provided for 
integrated circuit ?eld effect transistors. The gate dielectrics 
may include lanthanurn oxide, preferably arnorphous lan 
thanurn oxide and/or an alloy of lanthanum oxide and silicon 
oxide, such as lanthanurn silicate (LaZSiOS). Lanthanurn 
oxide-based gate dielectrics may be fabricated by evaporat 
ing lanthanurn on a silicon surface of an integrated circuit 
substrate. The lanthanurn may be evaporated in the presence 
of oxygen. Lanthanurn and silicon may be co-evaporated. 
An anneal then may be performed. Lanthanurn oxide-based 
dielectrics also may be used for integrated circuit capacitors. 
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LANTHANUM OXIDE-BASED DIELECTRICS FOR 
INTEGRATED CIRCUIT CAPACITORS 

FIELD OF THE INVENTION 

[0001] This invention relates to integrated circuit ?eld 
effect transistors and fabricating methods therefor, and more 
particularly to gate dielectrics for integrated circuit ?eld 
effect transistors and fabricating methods therefor. 

BACKGROUND OF THE INVENTION 

[0002] Integrated circuit Field Effect Transistors (FETs) 
are Widely used in microprocessor, logic, memory and/or 
other integrated circuit devices. As is Well knoWn to those 
having skill in the art, an Insulated Gate integrated circuit 
Field Effect Transistor (IGFET), often referred to as a Metal 
Oxide Semiconductor (MOS) device or MOSFET device, 
includes spaced apart source and drain regions in an inte 
grated circuit substrate and an insulated gate on the inte 
grated circuit substrate therebetWeen, Wherein the insulated 
gate includes a gate dielectric on the integrated circuit 
substrate and a gate electrode on the gate dielectric opposite 
the integrated circuit substrate. Complementary (n-channel 
and p-channel) insulated gate integrated circuit ?eld effect 
transistors also are Widely used, Wherein at least one n-chan 
nel MOSFET and at least one p-channel insulated gate ?eld 
effect transistor are integrated in an integrated circuit sub 
strate. These complementary MOSFETs also are referred to 
as Complementary Metal Oxide Semiconductor (CMOS) 
devices. 

[0003] As the integration density of integrated circuit ?eld 
effect transistors continues to increase, it may be desirable to 
reduce the thickness of the gate dielectric layer. A thinned 
gate dielectric layer can maintain or increase the capacitance 
density, notWithstanding the shrinking device dimensions. 
Unfortunately, as the gate dielectric layer continues to be 
made thinner, leakage current may increase dramatically. 
For example, for silicon dioxide (SiO2) dielectric layers that 
are commonly used in integrated circuit ?eld effect transis 
tors, beloW approximately 30 A in thickness, for each 2 A 
reduction in thickness, the leakage current may increase by 
approximately one order of magnitude. Accordingly, it may 
be dif?cult to provide ultra-thin gate dielectric layers using 
conventional materials, Without adversely impacting tran 
sistor performance. 

[0004] Attempts have been made to use high dielectric 
constant layers (having permittivity greater than silicon 
dioxide) for gate dielectric layers. These high dielectric 
constant layers can provide greater capacitance for the same 
thickness as a conventional silicon dioxide layer. Alterna 
tively, a thicker layer of high dielectric constant dielectric 
can provide capacitance that is equivalent to a thinner silicon 
dioxide layer. The thicker layer can, in turn, alloW reduced 
leakage currents to be obtained. 

[0005] Unfortunately, it may be difficult to replace silicon 
dioxide With other dielectric materials. For example, high 
dielectric constant materials may degrade other electrical 
parameters of the ?eld effect transistors, such as ?at band 
voltage and/or mobility. Moreover, interaction betWeen the 
gate dielectric layer and the underlying integrated circuit 
substrate as a result of subsequent processing conditions, 
such as high temperature exposures, may degrade the prop 
erties of the gate dielectric layer. 
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SUMMARY OF THE INVENTION 

[0006] Embodiments of the present invention provide lan 
thanum oxide-based gate dielectrics for integrated circuit 
?eld effect transistors. The gate dielectric may include a 
layer comprising lanthanum oxide, preferably amorphous 
lanthanum oxide. In other embodiments, the layer comprises 
an alloy of lanthanum oxide and silicon oxide, i.e., a layer 
comprising (La2O3)X(SiO2)1_X, Where 0<x§ 1. In other 
embodiments, 0.01<x§ 1. In yet other embodiments, 
0.5<x§ 1. In still other embodiments, x=0.5. When x=0.5, 
the layer corresponds to a layer of lanthanum silicate 
(LaZSiOS). 
[0007] Lanthanum oxide-based gate dielectrics may be 
able to satisfy at least tWo technology generations beyond 
Which conventional silicon dioxide-based transistors may 
not be usable, due to its high permittivity. Moreover, lan 
thanum oxide-based gate dielectrics may be able to provide 
appropriate chemical reaction resistance and compatibility 
and/or resistance to crystalliZation that is desired for highly 
integrated ?eld effect transistors. 

[0008] In some embodiments, the layer comprising 
(La2O3)X(SiO2)1_X comprises a uniform layer of 
(La2O3)X(SiO2)1_X. In other embodiments, the layer includes 
a ?rst sublayer comprising (La2O3)X1(SiO2)1_X1, and a sec 
ond sublayer comprising (La2O3)X2(SiO2)1_X2, Where 
xléxZ. The silicon-rich layer preferably is adjacent the 
substrate. In yet other embodiments, a third sublayer may be 
provided on the second sublayer, opposite the ?rst sublayer. 
The third sublayer may comprise (La2O3)X3(SiO2)1_X3, 
Where x3éx2. 

[0009] Embodiments of ?eld effect transistors according 
to the present invention can include a gate dielectric layer 
comprising lanthanum oxide, according to any of the above 
described embodiments, and a gate electrode that comprises, 
for example polysilicon (such as degenerately doped poly 
silicon), Tantalum Nitride (TaN), Platinum (Pt), Ruthenium 
(Ru), Ruthenium Oxide (RuO), Iridium (Ir), Iridium Oxide 
(IrO2) and/or Tantalum Silicide Nitride (Ta1_XSiXNy). An 
integrated circuit complementary ?eld effect transistor pair 
according to embodiments of the invention can include an 
n-channel insulated gate ?eld effect transistor and a p-chan 
nel insulated gate ?eld effect transistor in an integrated 
circuit substrate, each of Which includes a gate dielectric 
layer comprising lanthanum oxide in any of the above 
described embodiments, and a gate electrode. According to 
embodiments of the present invention, the gate electrode 
preferably comprises polysilicon, TaN, Ta1_XS'n;Ny and/or 
IrO2 for the n-channel transistors and preferably comprises 
polysilicon, Pt, Ru, RuO, Ir and/or IrO2 for the p-channel 
transistors. 

[0010] Gate dielectrics for integrated circuit ?eld effect 
transistors may be fabricated, according to embodiments of 
the present invention, by evaporating lanthanum on a silicon 
surface of an integrated circuit substrate. In some embodi 
ments, the lanthanum may be evaporated in the presence of 
oxygen. In some embodiments, the lanthanum is evaporated 
directly on a silicon surface of an integrated circuit substrate, 
Whereas in other embodiments, lanthanum is evaporated on 
a silicon dioxide layer on a silicon surface of an integrated 
circuit substrate. In yet other embodiments, the lanthanum 
can be evaporated on a silicon oxynitride (SiON) layer on a 
silicon surface of an integrated circuit substrate. In order to 
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evaporate lanthanum directly on a silicon surface of an 
integrated circuit substrate, a native oxide may be removed 
from the silicon surface of the integrated circuit substrate. In 
order to evaporate lanthanum on a silicon dioxide layer on 
a silicon surface of an integrated circuit substrate, a native 
oxide may be alloWed to form on the integrated circuit 
substrate and/or an oxide layer may be formed on the silicon 
surface of the integrated circuit substrate, for example by 
thermal oxidation and/or deposition. In order to evaporate 
lanthanum on a silicon oxynitride surface on a silicon 

substrate, the silicon oxynitride layer can be formed by 
thermal and/or plasma-assisted groWth. 

[0011] In yet other embodiments of the present invention, 
lanthanum and silicon are co-evaporated on a silicon surface 
of an integrated circuit substrate. Fluxes are generated to 
form the desired lanthanum-to-silicon molar ratio. 

[0012] According to other embodiments of the invention, 
after evaporation, the lanthanum that is evaporated onto the 
silicon surface is annealed in a separate annealing step 
and/or as part of subsequent device fabrication. Annealing 
may take place at temperatures of less than about 900° C. 
and also may take place at oxygen partial pressures of 
betWeen about 2x10‘8 and 2x10‘6 Torr. Higher annealing 
temperatures and/or different pressures also may be used. 
Molecular Beam Epitaxy (MBE) equipment may be used to 
evaporate lanthanum and/or co-evaporate lanthanum and 
silicon on an integrated circuit substrate, to form gate 
dielectrics according to embodiments of the invention. Pres 
sures of at least 10-6 Torr, Which are consistent With pres 
sures used for oxide molecular beam epitaxy, may be used. 
Thus, this fabrication may be integrated into conventional 
integrated circuit manufacturing processes. 

[0013] According to yet other embodiments of the present 
invention, lanthanum oxide-based capacitor dielectrics for 
integrated circuit capacitors also are provided. These lan 
thanum oxide-based capacitor dielectrics may be provided 
according to any of the above-described embodiments of 
integrated circuit ?eld effect transistor gate dielectrics, and 
may be fabricated according to any of the above-described 
method embodiments, as Well. Integrated circuit capacitors 
according to embodiments of the invention may be inte 
grated on an integrated circuit substrate With integrated 
circuit ?eld effect transistors according to embodiments of 
the invention, or may be provided separately. When inte 
grated, portions of the same lanthanum-oxide layer may be 
used to provide both lanthanum oxide-based gate dielectrics 
for integrated circuit ?eld effect transistors and lanthanum 
oxide-based capacitor dielectrics for integrated circuit 
capacitors. Moreover, portions of the same conductive layer 
may be used to provide both the gate electrode and an upper 
capacitor electrode. Integration of ?eld effect transistors and 
capacitors may be used in Dynamic Random Access Memo 
ries (DRAMs), other memory devices and/or other inte 
grated circuit devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIGS. 1-5 are cross-sectional vieWs of integrated 
circuit ?eld effect transistors including lanthanum oxide 
based gate dielectrics according to embodiments of the 
present invention. 
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[0015] FIG. 6 is a ?oWchart illustrating fabrication of ?eld 
effect transistors including lanthanum oxide-based gate 
dielectrics according to embodiments of the present inven 
tion. 

[0016] FIGS. 7-8 are cross-sectional vieWs of integrated 
circuit ?eld effect transistors and capacitors including lan 
thanum oxide-based gate and capacitor dielectrics according 
to embodiments of the present invention. 

[0017] FIGS. 9A-9C graphically illustrate X-ray diffrac 
tion patterns for samples of lanthanum oxide-based gate 
dielectrics according to embodiments of the present inven 
tion in an as-deposited state, after a 900° C. anneal and after 
a 1000° C. anneal, respectively. 

[0018] FIG. 10 graphically illustrates Capacitance-Volt 
age (C-V) curves for samples of lanthanum oxide-based gate 
dielectrics according to embodiments of the present inven 
tion. 

[0019] FIG. 11 graphically illustrates ion scattering spec 
tra for lanthanum silicate-based gate dielectrics in an as 
deposited state and after a 10'8 Torr vacuum anneal at 850° 
C. 

[0020] FIG. 12 graphically illustrates ion scattering spec 
tra for lanthanum silicate-based gate dielectrics in an as 
deposited state and after an air anneal at 850° C. for several 
minutes. 

[0021] FIG. 13 graphically illustrates C-V curves for a 20 
A thick La2O3 ?lm With an approximately 10 A thick 
chemical silicon dioxide interface, and annealed at 900° C. 
under various oxygen partial pressures. 

[0022] FIG. 14 graphically illustrates ion scattering mea 
surements on 20 A lanthanum ?lms that are deposited on a 
thin chemical oxide. 

[0023] FIG. 15 is a phase diagram for the La2O3—SiO2 
binary system. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0024] The present invention noW Will be described more 
fully hereinafter With reference to the accompanying draW 
ings, in Which preferred embodiments of the invention are 
shoWn. This invention may, hoWever, be embodied in many 
different forms and should not be construed as limited to the 
embodiments set forth herein. Rather, these embodiments 
are provided so that this disclosure Will be thorough and 
complete, and Will fully convey the scope of the invention 
to those skilled in the art. In the draWings, the thickness of 
layers and regions are exaggerated for clarity. Like numbers 
refer to like elements throughout. 

[0025] It Will be understood that When an element such as 
a layer, region or substrate is referred to as being “on” 
another element, it can be directly on the other element or 
intervening elements may also be present. In contrast, When 
an element is referred to as being “directly on” another 
element, there are no intervening elements present. More 
over, each embodiment described and illustrated herein 
includes its complementary conductivity type embodiment 
as Well. 

[0026] Embodiments of the present invention provide gate 
dielectrics for integrated circuit ?eld effect transistors, 
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wherein the gate dielectric includes a layer comprising 
lanthanum oxide. In other embodiments, a layer comprising 
an alloy of lanthanum oxide and silicon oxide, such as 
lanthanum silicate, is provided. 

[0027] Lanthanum oxides, including lanthanum silicate, 
have been mentioned in the scienti?c literature heretofore. 
See, for example, Gasgnier, Rare Earth Compounds 
(Oxides, Sul?des, Silicides, Boron, . . . )As Thin Films and 
Thin Crystals, Phys. Stat. Sol. (1) 114, 1989, pp. 11-71; 
Samsonov et al., Preparation of Thin Films of Rare Earth 
Oxides and Investigation of Their Physical Properties, Inor 
ganic Materials, Vol. 10, No. 9, September 1974, pp. 1417 
1419; Fromhold, Jr. et al.,An Experimental Investigation of 
the Dielectric Properties of Thermally Evaporated Rare 
Earth Oxides for Use in Thin Film Capacitors, Electrocom 
ponent Science and Technology, Vol. 3, 1976, pp. 51-62; 
Gao et al., Growth and Characterization of Thin Films of 
Y2O3, La2O3 and La2CuO4, Journal of Solid State Chemis 
try, Vol. 90, 1991, pp. 228-233; Gerstenberg, Thin Film 
Capacitors, Chapter 19, Handbook of Thin Film Technol 
ogy, McGraW-Hill Book Company, pp. 19-1-19-36; Chemo 
brovkin et al., The Breakdown of Insulator Films, Radio 
Engineering and Electronic Physics, Vol. 17, No. 2, Febru 
ary 1972, pp. 334-336; Harrop et al., Selection of Thin Film 
Capacitor Dielectrics, Thin Solid Films, Vol. 2, 1968, pp. 
273-292; Korovkin et al., Optical and Spectroluminescent 
Properties of Lanthanide Orthosilicate Crystals, Opt. Spec 
trosc (USSR), Vol. 58, No. 6, June 1985, pp. 778-780; 
Larson et al., MS Study of Lanthanum Coordination Envi 
ronments in Glasses of the System K2O—SiO2—La2O3, 
Journal of Non-Crystalline Solids, Vol. 130, 1991, pp. 
260-272; and Felsche, Rare Earth Silicates With the Apatite 
Structure, Journal of Solid State Chemistry, Vol. 5, 1972, pp. 
266-275. 

[0028] Deposition techniques for lanthanum oxides have 
been developed, according to embodiments of the invention, 
Which appear to be compatible With conventional integrated 
circuit manufacturing processes. These deposition tech 
niques include evaporating lanthanum and/or co-evaporat 
ing lanthanum and silicon on a silicon-containing surface of 
an integrated circuit substrate. Thermal budgets for the 
deposition and post-deposition processes appear to be con 
sistent With existing technology. Moreover, the deposition 
may be based on Molecular Beam Epitaxy (MBE), but need 
not use the traditional ultra-high vacuum that is commonly 
associated With molecular beam epitaxy. Accordingly, these 
deposition processes may be integrated into conventional 
microelectronic device fabrication processes. 

[0029] Referring noW to FIG. 1, a cross-sectional vieW of 
integrated circuit ?eld effect transistors including lanthanum 
oxide-based gate dielectrics according to embodiments of 
the present invention is shoWn. As shoWn in FIG. 1, these 
?eld effect transistors include spaced apart source and drain 
regions 12 and 14 in an integrated circuit substrate 16. It Will 
be understood by those having skill in the art that the 
integrated circuit substrate 16 preferably is a bulk silicon 
semiconductor substrate or a thin silicon layer on a silicon 
or non-silicon substrate that may be formed using, for 
example, conventional Semiconductor-On-Insulator (SOI) 
or Separation by IMplanted OXygen (SIMOX) techniques. 

[0030] Still referring to FIG. 1, an insulated gate 18 is on 
the integrated circuit substrate 16 betWeen the source and 
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drain regions 12 and 14 respectively. The insulated gate 18 
comprises a gate dielectric layer 20 comprising lanthanum 
oxide on the integrated circuit substrate 18, and a gate 
electrode 22 on the gate dielectric layer 20 comprising 
lanthanum oxide, opposite the integrated circuit substrate. 
The gate dielectric layer 20 preferably comprises amorphous 
lanthanum oxide. 

[0031] Referring noW to FIG. 2, other ?eld effect transis 
tors including gate dielectrics comprising lanthanum oxide 
according to other embodiments of the present invention are 
shoWn. As shoWn in FIG. 2, these embodiments include gate 
dielectric layers 20‘ that comprise an alloy of lanthanum 
oxide and silicon oxide. As shoWn, in some embodiments, 
the layer comprising an alloy of lanthanum oxide and silicon 
oxide comprises (La2O3)X(SiO2)1_X. In some embodiments, 
0<x§ 1. In other embodiments, 0.01<x§ 1. In still other 
embodiments, 0.5<x§ 1. 

[0032] FIG. 3 is a cross-sectional vieW of other ?eld effect 
transistors according to other embodiments of the present 
invention, Wherein the gate dielectric layer 20“ comprises 
(La2O3)O_5(SiO2)O_5 or LaZSiO5 (lanthanum silicate). 
[0033] In embodiments of FIGS. 1-3, the gate dielectric 
layer 20, 20‘ and 20“ is a uniform layer. In contrast, in FIG. 
4, the gate dielectric layer 20“ includes a ?rst sublayer 20a 
comprising (La2O3)X1(SiO2)1_X1 and a second sublayer 20b 
comprising (La2O3)X2(SiO2)1_X2, Where x1 is less than or 
equal to x2. The silicon-rich ?rst sublayer 20a may be 
formed by reaction With the silicon substrate 16, reaction 
With an oxide layer on the silicon substrate, diffusion of 
oxygen through the gate dielectric layer and/or other mecha 
nisms, as Will be described in detail beloW. In some embodi 
ments, the ?rst sublayer 20a may be betWeen about 2 A and 
about 10 A thick and the second sublayer 20b may be 
betWeen about 10 A and about 20 A thick. In yet other 
embodiments, a third sublayer also may be provided on the 
second sublayer, opposite the ?rst sublayer. The third sub 
layer may comprise (La2O3)X3(SiO2)1_X3, Where x3 2x2. The 
silicon-rich third sublayer may be formed by reaction With 
a polysilicon gate electrode and/or other techniques. 

[0034] In all of the embodiments of FIGS. 1-4, the gate 
electrode may comprise doped polysilicon and preferably 
comprises a conductor, such as a metal. Preferred metals 
include platinum. Conventional gate electrode metals such 
as titanium nitride and aluminum preferably are not used 
because they may react With the gate dielectric layer 20-20‘". 

[0035] FIG. 5 is a cross-sectional vieW of an integrated 
circuit complementary ?eld effect transistor pair, often 
referred to as CMOS transistors, according to embodiments 
of the present invention. As shoWn in FIG. 5, tWo comple 
mentary ?eld effect transistors are formed in an integrated 
circuit substrate 16 and may be isolated from one another 
using conventional isolation, such as trench isolation 24. A 
?rst transistor may have an n-channel 26a, and may be 
referred to as an n-channel ?eld effect transistor. A second 
transistor may have a p-channel 26b and may be referred to 
as a p-channel ?eld effect transistor. The n-channel transistor 
and p-channel transistor include source and drain regions 
12a, 14a and 12b, 14b, respectively, and insulated gates 18a 
and 18b, respectively. The insulated gates 18a and 18b 
include a gate dielectric layer 20a‘, 20b‘, comprising lantha 
num oxide. The gate dielectric layers 20a‘, 20b‘ preferably 
are identical but need not be so. A gate electrode 22a, 22b 
also is included. 
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[0036] The gate electrode 22a, 22b materials may com 
prise identical materials but preferably are not identical. For 
example, the gate electrodes 22a and 22b may comprise 
polysilicon. The polysilicon gate electrode 22a for the 
n-channel transistor may be doped p-type and the polysili 
con gate electrode 22b for the p-channel transistor may be 
doped n-type. Alternatively, the gate electrodes 22a, 22b 
may comprise identical materials such as TaN, Pt, Ru, RuO, 
Ir, IrO2 and/or Ta1_XS'n;Ny. Alternatively, the gate electrode 
22a for the n-channel 26a transistor may comprise one or 
more of the folloWing materials: polysilicon, TaN, Tali 
XSiXNy and/or IrO2; Whereas the gate electrode 22b for the 
p-channel 26b transistor may comprise one or more of the 
folloWing materials: polysilicon, Pt, Ru, RuO, Ir and/or 
IrO2. It Will be noted that IrO2 has been reported to have a 
Work function of 5.3 eV, Which is the same as that of Ir, and 
also has been reported as having a Work function of 4.2 eV. 
If the Work function is 5.3 eV, IrO2 may be more suited for 
p-channel transistors, Whereas if the Work function is 4.2 eV, 
it may be more suited for n-channel transistors. Moreover, if 
the Work function is 4.2 eV, then Ir may be used for 
p-channel transistors, and oxidiZed to form IrO2 for n-chan 
nel transistors in CMOS devices. Finally, any of the gate 
dielectric layer con?gurations 20-20‘" of FIGS. 1-4 may be 
used in FIG. 5. 

[0037] It Will be understood by those having skill in the art 
that FIGS. 1-5 are greatly simpli?ed cross-sectional vieWs of 
integrated circuit ?eld effect transistors that may omit, for 
example, ?eld isolation regions, sideWall spacers and many 
other regions, to simplify the illustration of gate dielectrics 
comprising lanthanum oxide according to embodiments of 
the present invention. 

[0038] Referring noW to FIG. 6, a ?oWchart illustrating 
fabrication of ?eld effect transistors according to embodi 
ments of the present invention is shoWn. As shoWn in FIG. 
6, fabrication according to embodiments of the invention 
can include an optional substrate clean (Block 61), optional 
SiO2 and/or SiON formation (Block 62), and evaporation 
and/or co-evaporation of a layer comprising lanthanum 
oxide (Block 63). An optional anneal 64 also may be 
performed. Gate electrode deposition (Block 65) and other 
conventional fabrication steps (Block 66) also may be 
performed. It should be noted that, in some alternative 
embodiments of the present invention, the functions noted in 
the blocks may occur out of the order noted in the FIG. 6. 
For example, tWo blocks shoWn in succession may in fact be 
executed substantially concurrently or the blocks may some 
times be executed in the reverse order, depending on the 
functionality involved. Embodiments of FET fabrication 
operations of FIG. 6 noW Will be described in detail. 

[0039] Referring again to Block 61, in one embodiment, 
the substrate may be an 8“ monocrystalline silicon substrate, 
150 mm or 200 mm thick, and may be uniformly doped With 
boron at a doping concentration of 1018/cm3, to provide 
p-type silicon Wafers. As Was described above, SOI, SIMOX 
or other substrates also may be used. 

[0040] At Block 61, an optional substrate cleaning may be 
provided by dipping the substrate in a 2% hydro?uoric acid 
concentrate solution, for example for about one to about 
seven minutes, to thereby reduce and preferably remove any 
native oxide thereon. The cleaned substrate may be stored in 
a vacuum, for example loWer than 10'5 Torr, to provide an 
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oxide-free and hydrogen-terminated surface for subsequent 
processing. In other embodiments, some or all of the native 
oxide may remain on the substrate, and/or may be alloWed 
to reform. 

[0041] Referring noW to Block 62, the substrates are 
transferred, preferably Without breaking vacuum, to an oxide 
deposition module, to form a layer of silicon dioxide 
thereon. Prior to deposition, the substrate may be heated to 
betWeen about 200° C. and about 400° C. in an atmosphere 
of about 2x10“6 Torr O2. Under these conditions, due to 
kinetic and thermodynamic processes, a silicon surface With 
a minimal oxide layer, for example no greater than one 
monolayer, may be produced, and may be stable for many 
minutes. Oxide layers of greater thickness also may be 
formed using thermal oxidation, chemical vapor deposition, 
combinations thereof and/or other techniques. Alternatively, 
Block 62 may not be performed. 

[0042] Referring noW to Block 63, evaporation of lantha 
num and/or co-evaporation of lanthanum and silicon may be 
provided. A Molecular Beam Epitaxy (MBE) processes may 
be used. In these processes, the sloW oxidation kinetics of Si 
(001) surfaces at loW temperatures, such as about 250° C., 
and loW oxygen pressure, such as about 2x10“6 Torr may be 
used in conjunction With an ability to dose substrate surfaces 
With very small and very Well controlled cation ?uxes. Thus, 
fully oxidiZed, high permittivity lanthanum oxide layers can 
be deposited Without the need to form unWanted and/or 
additional silicon dioxide at the substrate interface. 

[0043] The evaporation/co-evaporation of Block 63 may 
be similar to conventional MBE deposition. In particular, 
cation delivery may be maintained through thermal evapo 
ration, and transport from source to substrate preferably 
occurs in the molecular ?oW regime, preferably With 
reduced or the absence of gas phase scattering. HoWever, in 
contrast With conventional MBE evaporation/co-evapora 
tion, Block 63 need not use ultra-high vacuum conditions 
during deposition. The need to maintain an ultra-high 
vacuum during deposition can be expensive and/or time 
consuming, and thus may be regarded by many manufac 
turers as inappropriate for economical production. 

[00644] In particular, pressure excursions less than about 
10’ Torr but greater than about 10'10 Torr, Which may be 
used With conventional MBE, need not be used in embodi 
ments of the present invention. In addition, the evaporation 
or co-evaporation can use commonly available source mate 
rials, i.e. silicon and/or lanthanum metal, as opposed to less 
compositionally stable “dual cation” sources or gas phase 
precursors Which may exhibit storage instability, high tox 
icity and/or an explosion haZard. If pure lanthanum oxide 
(La2O3) is desired, only lanthanum metal may be evapo 
rated. If an alloy of lanthanum oxide and silicon oxide is 
desired, then Si, SiO2 and La sources may be used in the 
desired stoichiometric ratios. Alternatively, La and Si 
sources may be used or an La source alone may be used. 

[0045] Lanthanum metal may be evaporated from a high 
temperature effusion cell using a tungsten crucible, in the 
presence of molecular oxygen. The chamber pressure during 
deposition may be 15x10“5 Torr. A molecular beam 
approximation is appropriate at this pressure. Metal ?uxes, 
as measured during deposition by a quartZ crystal monitor, 
may be about 1015 atoms/cm2-sec. This is approximately 



US 2003/0137019 A1 

?fty times lower than the oxygen impingement rate at this 
pressure. Thus, considerable oxidation may be obtained after 
metal atom condensation. 

[0046] A maximum deposition pressure alloWed in an 
MBE chamber, for example approximately 3x10“5 Torr, can 
establish a maximum oxygen ?ux possible at the substrate, 
and can determine the maximum cation ?uxes Which can be 
used. In this manner, the substrate surface can be dosed With 
quantities of both oxidant and metal appropriate for groWth 
of fully oxygenated material. 

[0047] Referring noW to Block 64, an anneal then may be 
performed. The anneal may take place in an air furnace as a 
function of temperature at betWeen about 400° C. and about 
1000° C. It Will be understood that a separate anneal may 
take place at Block 64, or the anneal may take place during 
other subsequent conventional processing steps. In some 
embodiments, a rapid thermal annealer, such as a Heatpulse 
Model 210 may be used for rapid thermal annealing. Rapid 
thermal annealing may be performed in ?oWing nitrogen at 
atmospheric pressure. Alternatively, or in addition, an anneal 
may take place in a vertical oxide groWth furnace, such as 
a Model VT-1500 distributed by Semitherm. The vertical 
groWth furnace may be operated betWeen about 0.2 Torr and 
about 200 Torr. In both furnaces, reagent grade nitrogen 
preferably is used. Reagent grade nitrogen may contain 
approximately 1 part per million O2. At atmospheric pres 
sure, this can provide a partial pressure of 7.6><10_4 Torr, and 
may correspond to an impingement ?ux of greater than 1016 
molecules/cm2~sec. In a vertical groWth furnace, the oxygen 
partial pressure may be controlled by controlling the total 
nitrogen pressure. For example, at a minimum pressure of 
the vertical furnace, such as about 0.2 Torr, an oxygen 
pressure of 2x10“8 Torr may be obtained. 

[0048] Referring noW to Block 65, gate electrodes are 
formed. For example, platinum may be deposited by mag 
netron sputtering at 250 Watts using a 100 mm target, 6 cm 
separation distance and a 30 mTorr argon atmosphere. The 
electrode may be patterned by lithography and liftoff. After 
electrode deposition, another anneal may take place at 350° 
C. in 5% hydrogen, balance argon, for about 20 minutes. 
Other electrodes also may be formed using the materials that 
Were described above and/or other materials, using conven 
tional techniques. 

[0049] Finally, referring to Block 66, other FET fabrica 
tion steps may be performed including ?eld isolation, 
source/drain implantation and/or sideWall spacer de?nition. 
Some or all of these steps may be performed earlier and/or 
concurrent With some of the other blocks of FIG. 6. These 
and other FET fabrication steps are Well knoWn to those 
having skill in the art and need not be described further 
herein. 

[0050] As described above in connection With FIGS. 1-6, 
lanthanum oxide-based materials may be used as gate 
dielectrics for integrated circuit ?eld effect transistors. 
FIGS. 7 and 8 illustrate ?eld effect transistors including 
lanthanum oxide-based gate dielectrics according to 
embodiments of the present invention, that also are inte 
grated With capacitors having lanthanum oxide-based 
capacitor dielectrics according to embodiments of the 
present invention. As is Well knoWn to those having skill in 
the art, capacitors and ?eld effect transistors may be inte 
grated in a single integrated circuit substrate, and are Widely 
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used, for example, to fabricate Dynamic Random Access 
Memory (DRAM) devices, other memory devices and/or 
other integrated circuit devices. 

[0051] Thus, referring to FIG. 7, a ?eld effect transistor 
including gate dielectrics comprising lanthanum oxide as 
Was shoWn in FIG. 2, is integrated With a capacitor having 
a capacitor dielectric 72 comprising lanthanum oxide and a 
top capacitor electrode 74. The bottom capacitor electrode 
may comprise a portion of the integrated circuit substrate 16 
or may be a separate bottom electrode. As shoWn in FIG. 7, 
the integrated circuit capacitor 70 is formed in a trench, and 
is commonly referred to as a “trench capacitor”. Details for 
fabricating trench capacitors are Well knoWn to those having 
skill in the art. HoWever, it Will be understood that the ?eld 
effect transistor of FIG. 7 may correspond to any of the 
embodiments of FIGS. 1-5 that Were described above. 
Moreover, the capacitor dielectric layer 72 and the gate 
insulating layer 20 may be formed simultaneously as por 
tions of a single layer or sublayers, and the upper electrode 
74 and the gate electrode 22 also may be formed simulta 
neously as portions of a single layer or sublayers. In alter 
nate embodiments, different layers may be used for the 
capacitor dielectric 72 and the gate insulating layer 20 
and/or different layers may be used for the top electrode 74 
and the gate electrode 22. Methods that Were described in 
FIG. 6 may be used to form the integrated circuit capacitor 
70. 

[0052] Referring noW to FIG. 8, a cross-sectional vieW of 
integrated circuit ?eld effect transistors including lanthanum 
oxide-based gate dielectrics according to embodiments of 
the invention and integrated circuit capacitors including 
lanthanum oxide-based capacitor dielectrics according to 
embodiments of the invention, is shoWn. As Was the case in 
FIG. 7, the ?eld effect transistors may correspond to any of 
the embodiments described in connection With FIGS. 1-6. 
As shoWn in FIG. 8, the capacitor 80 includes a capacitor 
dielectric 82 and an upper capacitor electrode 84. The loWer 
capacitor electrode may comprise a portion of the silicon 
substrate 16, or may be a separate layer. The capacitor 80 is 
shoWn stacked on the substrate 16, to form a Well knoWn 
“stacked capacitor” structure. The loWer electrode 86 may 
include hemispherical grain silicon to increase the surface 
area thereof using techniques Well knoWn to those having 
skill in the art. As Was the case With FIG. 7, the capacitor 
dielectric 82 and the gate dielectric 20 may comprise por 
tions of a single layer or sublayers comprising lanthanum 
oxide, and the upper capacitor electrode 84 and the gate 
electrode 22 may comprise portions of a single layer or 
sublayers comprising any of the materials described above 
and/or other materials. 

[0053] Finally, it Will be understood by those having skill 
in the art that the capacitors 70 and 80 of FIGS. 7 and 8, 
respectively, need not be integrated With ?eld effect transis 
tors as shoWn in FIGS. 7 and 8. Rather, capacitors 70 and 
80 may be integrated separately to provide lanthanum oxide 
based capacitor dielectrics for integrated circuit capacitors. 

EXAMPLES 

[0054] The folloWing examples are provided for illustra 
tive purposes and shall not be construed as limiting. 

[0055] Dielectric layers according to embodiments of the 
present invention Were fabricated as Was described in con 
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nection With FIG. 6. X-ray diffraction patterns Were col 
lected. In general, diffraction data can be collected from 
dielectric layers as thin as 100 FIGS. 9A-9C illustrate 
diffraction patterns for 100 A samples. FIG. 9A illustrates 
an as-deposited sample (Block 63), FIG. 9B illustrates a 
sample annealed (Block 64) at 900° C., and FIG. 9C 
illustrates a sample annealed at 1000° C. As can be seen 
from FIGS. 9A-9C, these samples appear to be crystalliZa 
tion resistant until about 900° C., so that amorphous layers 
are provided. 

[0056] A gate electrode may be patterned, for example 
using conventional lithography and liftoff (Block 65), to 
form capacitors. Capacitor siZes may range from 50 pm to 
400 pm squares, and may be Within 1% of the nominally 
quoted values. 

[0057] Capacitance-Voltage (C-V) and Current-Voltage 
(I-V) curves Were obtained. Capacitance and leakage cur 
rents Were measured as a function of voltage using an HP 
4192A impedance analyZer and a Keithly electrometer. 
Backside contacts Were made by rigorously scratching the 
Wafer backside With a diamond scribe, then rubbing a high 
purity aluminum block across the scratches. This process 
can ?ll the scratches With aluminum and can provide robust 
electrical connection to the silicon substrate. Several dot 
capacitors Were selected on all samples and C-V and I-V 
measurements Were made as a function of capacitor siZe and 
measurement frequency. Multiple siZes and frequencies 
Were used to insure that the substrate doping Was suf?cient 
relative to the device capacitance, that backside contacts 
Were reliable, and that strong dielectric dispersion did not 
exist in the dielectric layers. Selected samples also Were 
characteriZed by TEM and medium energy ion scattering 
spectrometry. 

[0058] In general, the capacitance values measured for the 
samples appear to depend very little on the annealing 
temperature, and appear to scale appropriately With the 
calibrated ?lm thickness. FIG. 10 is a sample C-V curve for 
a 100 A thick lanthanum silicate sample. The data Was taken 
at 100 kilohertZ. Multiple curves are shoWn corresponding 
to ?ve adjacent capacitors. The scatter in the data corre 
sponds in part to variations in top electrode siZe. Leakage 
current measurements Were collected for these ?lms and 
reveal values near 1><10_7 amp/cm2 at —4 volts applied 
voltage. 

[0059] Evaluation of available thermodynamic data indi 
cates thermodynamic stability of lanthanum in contact With 
silicon at up to about 1000K. See Hubbard et al., T herma 
dynamic Stability of Binary Oxides on Silicon, Journal of 
Materials Research, Vol. 11, No. 11, 1996, pp. 2757-2776. 
HoWever, this stability may only be expected under equi 
librium conditions. During deposition and post-deposition 
processing, equilibrium conditions may not be achieved. In 
the present examples, the deviations from equilibrium per 
tain to oxygen partial pressure. The limiting cases of oxygen 
partial pressure can include a high pressure situation Where 
SiO2 formation at the dielectric layer-substrate interface is 
suspected, and a loW pressure situation Where decomposi 
tion of the dielectric may occur. 

[0060] Both situations have been observed for lanthanum 
dielectrics. FIG. 11 shoWs ion scattering (MEIS) spectra 
taken for a La2O3.SiO2 alloy deposited by co-evaporation of 
La and Si in the presence of O2 in the as-deposited state (i), 
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and after an 850° C. 10'8 Torr vacuum anneal for several 
minutes (ii). The as-deposited ?lm composition Was 
(La2O3)O_5.(SiO2)O_5 Which corresponds to the La2SiO5 crys 
talline silicate analog. Comparing the tWo spectra, the alloy 
decomposition can be clearly seen. The thermodynamics 
may predict stability of lanthanum (and a mixture of lan 
thanum and silica) on Si these temperatures. HoWever, from 
FIG. 1I it appears that stability is not achieved. 

[0061] Without Wishing to be bound by any theory, it 
appears that the observed decomposition occurs as a result 
of oxygen loss. Oxygen loss can occur via direct oxygen loss 
from the lanthanum-containing layer, and/or via SiO2 des 
orption. Indications of SiO2 desorption from silica alloyed 
?lms has been observed elseWhere. In either case, it appears 
that stability presently may not be achieved in these, or more 
aggressive, annealing atmospheres. 
[0062] The loW pressure situation can be seen in FIG. 12 
Where MEIS spectra are shoWn for an identical ?lm that is 
annealed to the same temperatures in an air atmosphere. 
From the spectra of FIG. 12, it appears that the same type 
of decomposition is not occurring. HoWever, the increased 
signals appear to indicate sub-surface SiO2 groWth. In FIG. 
12, the lanthanum spectrum changes negligibly, While the 
silicon and oxygen signals appear to indicate their location 
at greater depths Within the dielectric stack. Without Wishing 
to be bound by any theory, it appears that the lanthanum 
containing ?lm is stable, i.e., does not react With the sub 
strate, but can alloW atmospheric oxygen to diffuse to the 
silicon interface Where a sub-surface ?lm can groW. 

[0063] The ?lms used in these experiments Were 100 A 
thick. If a thinner ?lm Were used in the oxidiZing anneal 
experiment, the temperature at Which sub-surface oxide 
groWth Was realiZed may be even loWer, since diffusion 
through a thinner surface layer may occur more rapidly. 

[0064] These results appear to demonstrate limiting cases 
of stability for lanthanum oxides in contact With silicon. The 
loW pressure case appears to indicate a propensity of the 
material to decompose at high temperatures and subse 
quently react, While the oxidiZing conditions suggest that 
thermodynamic stability is observed, but oxygen kinetics are 
such that rapid sub-surface silica groWth may predominate. 

[0065] With this understanding, it should be possible to 
?nd an intermediate pressure at Which oxide stability can be 
maintained, and at Which sub-surface oxide groWth can be 
suf?ciently sloW so as to reduce and preferably minimiZe 
formation of a loW dielectric constant layer betWeen the 
lanthanum oxide and the silicon surface. If such a pressure 
is found, gate dielectric stability at high temperatures may be 
improved. 

[0066] To investigate this possibility, sets of lanthanum 
gate dielectrics Were prepared and annealed at constant 
temperature, but as a function of oxygen ambient. After this 
annealing, electrical properties Were measured from dot 
capacitors With platinum gate electrodes. FIG. 13 shoWs the 
C-V data for a 20 A thick La2O3 ?lm deposited on HF last 
annealed to 900° C. for a 5 minute dWell as a function of 

oxygen partial pressure. At an oxygen partial pressure of 
2-10 Torr there is a clear drop in the capacitance, as Well as 
a shift in the C-V trace. 

[0067] Without Wishing to be bound by any theory of 
operation, the drop in capacitance may be attributed to a 
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combination of sub-surface oxide formation and subsequent 
reaction With the La2O3 layer to form a silicate layer. This 
may suggest that at 2><10_5 Torr, interfacial silica may form 
via oxygen diffusion. In order to support this hypothesis, 
additional La2O3 ?lms Were prepared under oxidiZing con 
ditions that can promote sub-surface silica formation. In this 
case, 20 A to 30 A thick La2O3 ?lms Were deposited on 
chemical oxide surfaces and annealed to 800° C. and 900° 
C. for 30 seconds in ?oWing nitrogen in a rapid thermal 
annealing furnace. Both as-deposited and as-annealed 
samples Were measured by MEIS. FIG. 14 summariZes the 
MEIS results. As seen in FIG. 14, after exposure to high 
temperatures in an oxidiZing ambient, reactions appear to 
take place Which result in silicate formation. From these 
measurements, a reaction model may be hypothesiZed Which 
can accommodate the predicted thermodynamic stability of 
lanthanum in contact With silicon and the observations of 
reactions from MEIS. 

[0068] In this mechanism, the originally deposited lantha 
num ?lm does not react With silicon. Rather, it reacts With 
a subsurface silica layer. This silica layer forms by oxygen 
diffusion through the La2O3 layer. After this thermal oxida 
tion, the La2O3 layer is in contact With SiO2, in Which case 
silicate formation may occur. Thermodynamic data does not 
appear to be available for the lanthanum silicate crystalline 
phases. HoWever, examination of the phase diagram for the 
La2O3—SiO2 binary system may provide some insight. 

[0069] FIG. 15 shoWs a published phase diagram for this 
system. The features of primary interest appear to be the line 
compositions corresponding to La2O3.SiO2 and 
La2O3.2SiO2. These line compositions extend to loW tem 
peratures and melt congruently. Without Wishing to be 
bound by any theory of operation, this may suggest that at 
the anneal temperatures used, depending on the quantity of 
silica present, the silicate phases Would be thermodynami 
cally preferred, and the congruent melting may provide that 
no kinetic limitation Would exist to impede mixing. If, for 
example, the silicate phases formed via a peritectic reaction, 
kinetic limitations from sloW solid state diffusion may 
impede the reactions. 

[0070] From these considerations it is possible to explain 
the drop in capacitance in FIG. 13 by interface formation 
and subsequent reaction. Note that for oxygen pressures 
betWeen 2><10_8 Torr and 2><10_6 Torr, no changes Were 
observed in the capacitance density. This suggests that 
Within this pressure WindoW, a sufficient quantity of oxygen 
is present to prevent dielectric degradation, but not a suf? 
cient amount to cause interfacial oxide groWth at rates that 
are signi?cant in the time scales of interest. This result 
suggests that stability can be achieved in these systems, if 
the pressure is carefully controlled. This may alloW lantha 
num oxide dielectric layers to be formed that can Withstand 
subsequent processing-temperatures of up about 1000° to 
about 1050° C. or more. 

[0071] Thus, electrical and TEM characteriZation indi 
cates that the cation ?uxes can be effectively oxidiZed While 
the underlying substrate can remain chemically stable. Spe 
ci?cally, photoelectron spectroscopy shoWs fully oxidiZed 
metal, While high-resolution cross sectional transmission 
electron microscopy shoWs as-deposited interface layers 
betWeen the Si substrate and lanthanum silicate ?lm less 
than 5 A in thickness. Once deposition is complete, the 
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Wafers can be annealed in oxidiZing, inert, and/or reducing 
atmospheres for electrical optimiZation. The oxidiZing and 
inert anneals may be performed in an atmosphere controlled 
rapid thermal processor, While the inert (i.e., forming gas) 
anneals may be performed in a tube furnace. 

[0072] In the draWings and speci?cation, there have been 
disclosed typical preferred embodiments of the invention 
and, although speci?c terms are employed, they are used in 
a generic and descriptive sense only and not for purposes of 
limitation, the scope of the invention being set forth in the 
folloWing claims. 

What is claimed is: 
1. A gate dielectric for an integrated circuit ?eld effect 

transistor, the gate dielectric comprising: 

a layer comprising lanthanum oxide. 
2. A gate dielectric according to claim 1 Wherein the layer 

comprising lanthanum oxide comprises: 

a layer comprising an alloy of lanthanum oxide and 
silicon oxide. 

3. A gate dielectric according to claim 2 Wherein the layer 
comprising an alloy of lanthanum oxide and silicon oxide 
comprises: 

a layer comprising (La2O3)X(SiO2)1_X, Where 0<x§ 1. 
4. A gate dielectric according to claim 3, Where 

0.01<x § 1. 
5. A gate dielectric according to claim 3, Where 0.5<x§ 1. 
6. A gate dielectric according to claim 3, Where x=0.5. 
7. A gate dielectric according to claim 3 Wherein the layer 

comprising (La2O3)X(SiO2)1_X comprises a uniform layer 
comprising (La2O3)X(SiO2)1_X. 

8. A gate dielectric according to claim 3 Wherein the layer 
comprising (La2O3)X(SiO2)1_X comprises: 

a ?rst sublayer comprising (La2O3)X1(SiO2)1_X1; and 

a second sublayer comprising (La2O3)X2(SiO2)1_X2; 

Where x1 2x2. 
9. A gate dielectric according to claim 8 further compris 

ing: 

a third sublayer comprising (La2O3)X3(SiO2)1_X3 on the 
second sublayer, opposite the ?rst sublayer, Where 
x3éx2. 

10. A gate dielectric according to claim 1 in combination 
With a capacitor dielectric for an integrated circuit capacitor, 
the capacitor dielectric comprising a layer comprising lan 
thanum oxide. 

11. A gate dielectric according to claim 1 Wherein the 
layer comprising lanthanum oxide comprises: 

an amorphous layer comprising lanthanum oxide. 
12. A ?eld effect transistor comprising: 

spaced apart source and drain regions in an integrated 
circuit substrate; and 

an insulated gate on the integrated circuit substrate, the 
insulated gate comprising a gate dielectric layer com 
prising lanthanum oxide on the integrated circuit sub 
strate and a gate electrode on the gate dielectric layer 
comprising lanthanum oxide, opposite the integrated 
circuit substrate. 
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13. A?eld effect transistor according to claim 12 wherein 
the gate dielectric layer comprising lanthanum oxide com 
prises: 

a gate dielectric layer comprising an alloy of lanthanum 
oxide and silicon oxide. 

14. A?eld effect transistor according to claim 13 Wherein 
the gate dielectric layer comprising an alloy of lanthanum 
oxide and silicon oxide comprises: 

a gate dielectric layer comprising (La2O3)X(SiO2)1_X, 
Where 0<x§ 1. 

15. A ?eld effect transistor according to claim 14, Where 
0.01<x § 1. 

16. A ?eld effect transistor according to claim 14, Where 
0.5 <x i 1. 

17. A ?eld effect transistor according to claim 14, Where 
x=0.5. 

18. A?eld effect transistor according to claim 14 Wherein 
the gate dielectric layer comprising (La2O3)X(SiO2)1_X com 
prises a uniform gate dielectric layer comprising 
(La2O3)X(SiO2)1-X 

19. A?eld effect transistor according to claim 14 Wherein 
the gate dielectric layer comprising (La2O3)X(SiO2)1_X com 
prises: 

a ?rst sublayer comprising (La2O3)X1(SiO2)1_X1, adjacent 
the integrated circuit substrate; and 

a second sublayer comprising (La2O3)X2(SiO2)1_X2, oppo 
site the integrated circuit substrate; 

Where x1 2x2. 
20. A?eld effect transistor according to claim 18 Wherein 

the gate dielectric layer comprising (La2O3)X(SiO2)1_X fur 
ther comprises: 

a third sublayer comprising (La2O3)X3(SiO2)1_X3 on the 
second sublayer, opposite the ?rst sublayer, Where 
x3éx2. 

21. A?eld effect transistor according to claim 12 Wherein 
the gate electrode comprises at least one of polysilicon, TaN, 
Pt, Ru, RuO, Ir, IrO2 and Ta1_XS'n;Ny. 

22. A?eld effect transistor according to claim 12 Wherein 
the ?eld effect transistor is an n-channel ?eld effect transistor 
and Wherein the gate electrode comprises at least one of 
polysilicon, TaN, Ta1_XSiXNy and IrO2. 

23. A?eld effect transistor according to claim 12 Wherein 
the ?eld effect transistor is a p-channel ?eld effect transistor 
and Wherein the gate electrode comprises at least one of 
polysilicon, Pt, Ru, RuO, Ir and IrO2. 

24. A ?eld effect transistor according to claim 12 in 
combination With a capacitor on the integrated circuit sub 
strate, the capacitor comprising ?rst and second electrodes 
and a capacitor dielectric therebetWeen, the capacitor dielec 
tric comprising a layer comprising lanthanum oxide. 

25. A?eld effect transistor according to claim 12 Wherein 
the layer comprising lanthanum oxide comprises: 

an amorphous layer comprising lanthanum oxide. 
26. An integrated circuit complementary ?eld effect tran 

sistor pair comprising: 

an n-channel insulated gate ?eld effect transistor and a 
p-channel insulated gate ?eld effect transistor in an 
integrated circuit substrate, each of Which comprises an 
insulated gate including a gate dielectric layer com 
prising lanthanum oxide on the integrated circuit sub 
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strate and a gate electrode on the gate dielectric layer 
comprising lanthanum oxide, opposite the integrated 
circuit substrate. 

27. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 26 Wherein the gate dielectric 
layer comprising lanthanum oxide comprises: 

a gate dielectric layer comprising an alloy of lanthanum 
oxide and silicon oxide. 

28. An integrated circuit complementary ?eld effect tran 
sistor according to claim 27 Wherein the gate dielectric layer 
comprising an alloy of lanthanum oxide and silicon oxide 
comprises: 

a gate dielectric layer comprising (La2O3)X(SiO2)1_X, 
Where 0<x§ 1. 

29. An integrated circuit complementary ?eld effect tran 
sistor according to claim 28, Where 0.01<x§ 1. 

30. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 28, Where 0.5<x§ 1. 

31. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 28, Where x=0.5. 

32. An integrated circuit complementary ?eld effect tran 
sistor according to claim 28 Wherein the gate dielectric layer 
comprising (La2O3)X(SiO2)1_X comprises a uniform gate 
dielectric layer comprising (La2O3)X(SiO2)1_X. 

33. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 28 Wherein the gate dielectric 
layer comprising (La2O3)X(SiO2)1_X, comprises: 

a ?rst sublayer comprising (La2O3)X1(SiO2)1_X1; and 

a second sublayer comprising (La2O3)X2(SiO2)1_X2; 

Where x1 2x2. 
34. An integrated circuit complementary ?eld effect tran 

sistor pair according to claim 33 Wherein the gate dielectric 
layer comprising (La2O3)X(SiO2)1_X further comprises: 

a third sublayer comprising (La2O3)X3(SiO2)1_X3 on the 
second sublayer, opposite the ?rst sublayer, Where 
x3 2 x2. 

35. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 26 Wherein the gate electrodes 
of the n-channel insulated gate ?eld effect transistor and of 
the p-channel insulated gate ?eld effect transistor comprise 
at least one of polysilicon, TaN, Pt, Ru, RuO, Ir, IrO2 and 
Ta1_XSiXNy. 

36. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 26 Wherein the gate electrode 
of the n-channel ?eld effect transistor comprises at least one 
of polysilicon, TaN, Ta1_XS'n;Ny and IrO2. 

37. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 26 Wherein the gate electrode 
for the p-channel ?eld effect transistor comprises at least one 
of polysilicon, Pt, Ru, RuO, Ir and IrO2. 

38. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 36 Wherein the gate electrode 
for the p-channel ?eld effect transistor comprises at least one 
of polysilicon, Pt, Ru, RuO, Ir and IrO2. 

39. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 26 in combination With a 
capacitor on the integrated circuit substrate, the capacitor 
comprising ?rst and second electrodes and a capacitor 
dielectric therebetWeen, the capacitor dielectric comprising 
a layer comprising lanthanum oxide. 
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40. An integrated circuit complementary ?eld effect tran 
sistor pair according to claim 26 Wherein the layer compris 
ing lanthanum oxide comprises: 

an amorphous layer comprising lanthanum oxide. 
41. An integrated circuit capacitor comprising: 

a ?rst electrode; 

a second electrode; and 

a capacitor dielectric layer comprising lanthanum oxide 
therebetWeen. 

42. An integrated circuit capacitor according to claim 41 
Wherein the capacitor dielectric layer comprising lanthanum 
oxide comprises: 

a layer comprising an alloy of lanthanum oxide and 
silicon oxide. 

43. An integrated circuit capacitor according to claim 42 
Wherein the layer comprising an alloy of lanthanum oxide 
and silicon oxide comprises: 

a layer comprising (La2O3)X(SiO2)1_X, Where 0<x§ 1. 
44. An integrated circuit capacitor according to claim 43, 

Where 0.01<x§ 1. 
45. An integrated circuit capacitor according to claim 43, 

Where 0.5<x§ 1. 
46. An integrated circuit capacitor according to claim 43, 

Where x=0.5. 
47. An integrated circuit capacitor according to claim 43 

Wherein the layer comprising (La2O3)X(SiO2)1_X comprises a 
uniform layer comprising (La2O3)X(SiO2)1_X. 

48. An integrated circuit capacitor according to claim 43 
Wherein the layer comprising (La2O3)X(SiO2)1_X comprises: 

a ?rst sublayer comprising (La2O3)X1(SiO2)1_X1; and 

a second sublayer comprising (La2O3)X2(SiO2)1_X2; 

Where x1 2x2. 
49. An integrated circuit capacitor according to claim 48 

further comprising: 

a third sublayer comprising (La2O3)X3(SiO2)1_X3 on the 
second sublayer, opposite the ?rst sublayer, Where 
x3éx2. 

50. An integrated circuit capacitor according to claim 41 
Wherein the capacitor dielectric layer comprising lanthanum 
oxide comprises: 

an amorphous layer comprising lanthanum oxide. 
51. A method of fabricating a gate dielectric for a ?eld 

effect transistor comprising: 

evaporating lanthanum on a silicon surface of an inte 
grated circuit substrate. 

52. A method according to claim 51 Wherein the evapo 
rating comprises evaporating lanthanum on a silicon surface 
of an integrated circuit substrate in the presence of oxygen. 

53. A method according to claim 51 Wherein the evapo 
rating comprises evaporating lanthanum on a silicon surface 
of an integrated circuit substrate at oxygen partial pressure 
of betWeen about 2x10‘8 Torr and about 2x10‘6 Torr. 

54. A method according to claim 51 Wherein the evapo 
rating comprises evaporating lanthanum on a silicon surface 
of an integrated circuit substrate in a molecular beam 
epitaxy system at pressure greater than about 10'6 Torr. 
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55. A method according to claim 51 Wherein the evapo 
rating comprises evaporating lanthanum directly on a silicon 
surface of an integrated circuit substrate. 

56. A method according to claim 51 Wherein the evapo 
rating comprises evaporating lanthanum on a silicon dioxide 
layer on a silicon surface of an integrated circuit substrate. 

57. Amethod according to claim 55 Wherein the folloWing 
is performed prior to the evaporating: 

removing a native oxide from the silicon surface of the 
integrated circuit substrate. 

58. Amethod according to claim 56 Wherein the folloWing 
is performed prior to the evaporating: 

alloWing a native oxide to form on the silicon surface of 
the integrated circuit substrate; and 

Wherein the evaporating comprises evaporating lantha 
num on the native oxide on the silicon surface of the 
integrated circuit substrate. 

59. Amethod according to claim 56 Wherein the folloWing 
is performed prior to the evaporating: 

forming an oxide layer on the silicon surface of the 
integrated circuit substrate; and 

Wherein the evaporating comprises evaporating lantha 
num on the oxide layer on the silicon surface of the 
integrated circuit substrate. 

60. A method according to claim 59 Wherein the forming 
an oxide layer comprises thermally oxidiZing the silicon 
surface. 

61. A method according to claim 59 Wherein the forming 
an oxide layer comprises depositing an oxide layer on the 
silicon surface. 

62. A method according to claim 51 Wherein the evapo 
rating comprises co-evaporating lanthanum and silicon on a 
silicon surface of an integrated circuit substrate. 

63. A method according to claim 51 Wherein the evapo 
rating is folloWed by: 

annealing the lanthanum that is evaporated onto the 
silicon surface of an integrated circuit substrate. 

64. Amethod according to claim 63 Wherein the annealing 
comprises annealing the lanthanum that is evaporated onto 
the silicon surface of an integrated circuit substrate at less 
than about 900° C. 

65. A method according to claim 62 Wherein the co 
evaporating comprises co-evaporating lanthanum and sili 
con on a silicon surface of an integrated circuit substrate to 

form a layer comprising (La2O3)X(SiO2)1_X, Where 0<x§ 1. 
66. A method according to claim 65, Where 0.01<x§ 1. 
67. A method according to claim 65, Where 0.5<x§ 1. 
68. A method according to claim 65, Where x=0.5. 
69. A method according to claim 51 Wherein the evapo 

rating is folloWed by: 

forming a gate electrode on the lanthanum that is evapo 
rated on the silicon surface of the integrated circuit 
substrate. 

70. A method according to claim 69 Wherein the ?eld 
effect transistor is an n-channel ?eld effect transistor and 
Wherein the gate electrode comprises at least one of poly 
silicon, TaN, Ta1_XS'n;Ny and IrO2. 

71. A method according to claim 69 Wherein the ?eld 
effect transistor is a p-channel ?eld effect transistor and 
Wherein the gate electrode comprises at least one of poly 
silicon, Pt, Ru, RuO, Ir and IrO2. 
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72. A method according to claim 51 wherein the layer 
comprising lanthanum oxide comprises: 

an amorphous layer comprising lanthanum oXide. 
73. A method according to claim 51: 

Wherein the ?eld effect transistor comprises an n-channel 
and a p-channel in the integrated circuit substrate, and 

Wherein the evaporating comprises evaporating lantha 
num on the n-channel and on the p-channel. 

74. A method according to claim 73 Wherein the evapo 
rating is folloWed by: 

forming a p-channel gate electrode on the lanthanum that 
is evaporated, opposite the p-channel, and an n-channel 
gate electrode on the lanthanum that is evaporated, 
opposite the n-channel. 

75. Amethod according to claim 74 Wherein the p-channel 
gate electrode and the n-channel gate electrode comprise at 
least one of polysilicon, TaN, Pt, Ru, RuO, Ir, IrO2, and 
Ta1_XSiXNy. 
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76. Amethod according to claim 74 Wherein the n-channel 
gate electrode comprises at least one of polysilicon, TaN, 
TaHSiXNy and IrO2. 

77. Amethod according to claim 74 Wherein the p-channel 
gate electrode comprises at least one of polysilicon, Pt, Ru, 
RuO, Ir and IrO2. 

78. Amethod according to claim 76 Wherein the p-channel 
gate electrode comprises at least one of polysilicon, Pt, Ru, 
RuO, Ir and IrO2. 

79. Amethod of fabricating an integrated circuit capacitor 
comprising: 

evaporating lanthanum on a silicon surface of an inte 
grated circuit substrate; and 

forming a capacitor electrode on the lanthanum that is 
evaporated. 

80. A method according to claim 79 Wherein the evapo 
rating comprises evaporating lanthanum on a silicon surface 
of an integrated circuit substrate in the presence of oxygen. 

* * * * * 


